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Dopamine neurons in the substantia nigra pars compacta (SNc) synthesize and release dopamine, a critical
neurotransmitter for movement and learning. SNc dopamine neurons degenerate in Parkinson’s Disease (PD),
causing a host of motor and non-motor symptoms. Here, we review recent conceptual advances in our basic
understanding of the dopamine system - including our rapidly advancing knowledge of dopamine neuron het-
erogeneity — with special attention to their importance for understanding PD. In PD patients, dopamine neuron
degeneration progresses from lateral SNc to medial SNc, suggesting clinically relevant heterogeneity in dopamine
neurons. With technical advances in dopamine system interrogation, we can understand the relevance of this
heterogeneity for PD progression and harness it to develop new treatments.

1. Introduction

The neurotransmitter dopamine is critical in the pathophysiology of
Parkinson’s disease (PD). The seminal discovery that reductions in
dopamine produce the cardinal motor symptoms of PD led to a break-
through treatment: the dopamine precursor L-DOPA. But more break-
throughs are needed. PD is now widely recognized as a multifaceted
disorder, including motor and non-motor symptoms. While many of the
core motor symptoms of PD respond well to L-DOPA, non-motor
symptoms, such as cognitive impairment, are more challenging to
treat. Dopamine replacement therapy does not resolve all PD symptoms,
and chronic treatment often causes complications such as levodopa-
induced dyskinesia. These shortcomings may be related to the impor-
tance of dopamine dynamics across space and time. L-DOPA and other
pharmacological therapies cannot replicate the precisely calibrated
targeting and timing of dopamine release supporting healthy behavior
and dopamine-dependent synaptic plasticity.

To understand why L-DOPA cannot fully recapitulate natural

dopamine dynamics in people with PD, we must consider its mechanism
of action in combination with known patterns of dopamine neuron
degeneration in PD. L-DOPA is converted to dopamine by aromatic L-
amino acid decarboxylase (AADC) and can be released from intact
dopamine terminals, but also from serotonergic terminals (Maeda et al.,
2005; Tanaka et al., 1999). Multiple cell types express AADC (Arai et al.,
1996; Kitahama et al., 1990), however, and it is unknown what circuit
elements take up L-DOPA and release dopamine in advanced PD. Indeed,
as degeneration proceeds, fewer and fewer intact dopamine terminals
are available to release dopamine in natural patterns, which may drive
worsening outcomes. It has long been known that dopamine neurons
from different midbrain regions are selectively vulnerable to PD, and
that axons terminating in striatal subregions degenerate at different
rates (Surmeier et al., 2017). This observation suggests the pattern of
dopamine release from converted L-DOPA may change over time,
increasingly diverging from naturalistic patterns. As serotonergic neu-
rons or other cell types start to take up and release dopamine, aberrant
patterns of release may develop and drive abnormal dopamine-
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Fig. 1. Molecular Identities of dopamine neurons and their proposed vulnera-
bility to degeneration in Parkinson’s disease, Not all midbrain dopamine neu-
rons are equally susceptible to degeneration in Parkinson’s Disease. SNc
dopamine neurons are more vulnerable than VTA dopamine neurons. Within
the SNc there are again more vulnerable subsets that have been identified. The
ventral tier of the SN¢, which can be marked by expression of Sox6, is known to
be vulnerable. Within this population, Aldhlal+ dopamine neurons are
vulnerable. A subpopulation within the Aldhlal population, marked by Anxal,
has recently been identified and linked to movement. It may be that this specific
movement-sensitive population of dopamine neurons is the most vulnerable to
degeneration in PD, although further testing and characterization are required.
Increasing molecular specificity in defining vulnerable dopamine neuron pop-
ulations in PD may be useful in early diagnosis and treatment.

dependent synaptic plasticity. Although the role of serotonergic neurons
still remains somewhat unclear, release of dopamine from serotonergic
terminals has been linked to the development of L-DOPA-induced dys-
kinesias in parkinsonian animals treated with levodopa (Carta et al.,
2007; Rylander et al., 2010). Additionally, as dopamine neurons slowly
degenerate, other adaptations in dopamine signaling machinery and
downstream basal ganglia circuit function are likely to influence L-
DOPA’s efficacy.

The better we understand dopamine system function, both in the
intact brain and in degenerative disease models, the better we will be
able to develop therapeutics that restore healthy dopamine dynamics at
different stages of disease progression. New approaches are required to
address disease symptoms that are currently untouched, or even wors-
ened, by dopamine replacement therapy, such as cognitive functions.
Early intervention to restore natural dopamine dynamics might also
slow disease progression or prolong the efficacy of dopaminergic treat-
ment by preventing cellular, synaptic or circuit adaptations, including
aberrant synaptic plasticity, which have been linked to complications
such as levodopa-induced dyskinesia (Borgkvist et al., 2018; Picconi
et al., 2003).

Here, we review recent conceptual advances in our basic under-
standing of the dopamine system with special attention to their import
for PD. We summarize our understanding of dopamine circuitry across
three axes: (1) molecular identity, (2) network identity, and (3)
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computational identity. We address how each of these identities may
relate to PD and L-DOPA efficacy and provide thoughts on paths forward
in PD-related dopamine research. Continued integration of dopamine-
related basic and preclinical research will be important to stimulate
breakthroughs in PD treatment.

2. Molecular identity

Historically, dopamine neurons have been identified by their
expression of markers such tyrosine hydroxylase (TH), the rate-limiting
enzyme for dopamine production, and by electrophysiological charac-
teristics such as hyperpolarization-activated cation currents (I,) and
wide action potential waveforms (Grace and Bunney, 1983; Grace and
Onn, 1989; Guyenet and Aghajanian, 1978; Pickel et al., 1977). More
recently, it has become clear that these criteria for identifying dopamine
neurons are not sufficient. For example, some dopamine neurons have
minimal I, and transgenic mouse lines based on the TH promoter can
misidentify dopamine neurons (Lammel et al., 2008, 2015; Margolis
et al., 2006). Moreover, single-cell sequencing experiments have made
clear that subpopulations of dopamine neurons can be distinguished by
other molecular markers such as Sox6, Aldhlal, Anxal, and VgluT2,
with a remarkable degree of homology across species (Azcorra et al.,
2023; Gaertner et al., 2022; Kamath et al., 2022; Poulin et al., 2020). In
the healthy brain, it is likely that these molecularly-defined sub-
populations of dopamine neurons have distinct functions in neural cir-
cuits (Azcorra et al., 2023), which will be important to consider in the
context of PD (see Computational Identity section). Identifying molec-
ular markers for subpopulations of dopamine neurons may also guide
the way in terms of molecular drug targets directed at specific dopamine
neuron subpopulations.

Molecular identity is likely related to vulnerability to degeneration
(Fig. 1). Aldhlal-expressing dopamine neurons are among the first to
degenerate in PD (G. Liu et al., 2014; Poulin et al., 2014). These dopa-
mine neurons are primarily located in the ventral tier of the substantia
nigra pars compacta (SNc), which is expanded in primates relative to
rodents (Double et al., 2010; Fu et al., 2016). Aldhlal encodes aldehyde
dehydrogenase, which breaks down DOPAL, a neurotoxic metabolite of
dopamine that causes aggregation of alpha-synuclein. Therefore, there is
speculation that some problem in Aldhlal+ expression or function al-
lows for buildup of DOPAL and subsequent degeneration of the
Aldhlal+ population early in PD progression (Cai et al., 2014; Masato
et al., 2023). Despite the fact that Aldhlal4+ dopamine neurons are
particularly vulnerable to degeneration, ablating Aldhlal+ dopamine
neurons does not induce a parkinsonian motor phenotype, other than a
small loss of high-velocity running (>20 cm/s; Wu et al., 2019). Instead,
it results in a severe motor learning phenotype (an inability to improve
on the accelerating rotarod task). Recently, a new subtype within the
Aldhlal+ population has been identified, which is characterized by the
expression of Anxal. The activity of Anxal+ dopamine neurons is
strikingly correlated with locomotion but not with reward (Azcorra
et al., 2023). As yet, it remains unclear what the casual relationship of
Anxal+ dopamine neurons is with parkinsonian phenotypes, but given
their location and encoding properties, a link is likely and should be
further studied.

Not all ventral tier dopamine neurons are Anxal/Aldhlal+ dopa-
mine neurons. After Aldhlal+ dopamine neurons degenerate, other
ventral tier dopamine neurons may follow. Sox6 is a molecular marker
that more fully encompasses the ventral tier population (including but
not limited to Aldhlal+ dopamine neurons). Sox6+ dopamine neurons
have been found to selectively degenerate in human PD patients
(Kamath et al., 2022; Luppi et al., 2021). Ablating ventral tier dopamine
neurons broadly using the marker Sox6, rather than Aldhlal, may be
more reflective of the profound loss of SNc dopamine neurons that ac-
companies symptomatic PD (Panman et al., 2014; Surmeier et al., 2017),
but more investigation is necessary to confirm. On the other hand, the
ablation of Aldhlal+ (or even more specifically, Anxal+) dopamine
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neurons could model prodromal stages of PD. A more detailed under-
standing of the functions and symptoms that each molecularly-defined
dopamine subpopulation corresponds to will be important for under-
standing PD staging. It will also be important for understanding which
molecularly-based approaches to treatment are likely to be effective in
PD patients depending on their individual disease progression. Inter-
estingly, one study of SNc dopamine neurons in postmortem human
tissue found that lower dopamine neuron cell counts were correlated
with mild parkinsonian symptoms in neurological exams, even in people
that had not been diagnosed with PD prior to death (Ross et al., 2004).
Determining if Anxal is an important dopaminergic marker in humans
and, if so, if the loss of the Anxal+ dopamine neuron subpopulation is
overrepresented in cases of early dopamine neuron loss in undiagnosed
humans would be illuminating. Tying SNc dopaminergic cell loss in
early PD to mechanisms of circuit dysfunction that might propel PD
progression could be revealing.

While some molecular markers correspond to increased vulnerability
in PD, others are related to neuroprotection. Vulnerable ventral tier
Sox6+ dopamine neurons lack calbindin expression, for example.
Calbindin-expressing dopamine neurons, including dopamine neurons
located in the dorsal tier of SNc and in the ventral tegmental area (VTA),
are relatively spared in PD (Damier et al., 1999; Kamath et al., 2022;
Yamada et al., 1990). Calbindin may play a direct protective role by
buffering calcium (Brimblecombe et al., 2019; Evans et al., 2017,
Mongia et al., 2019; Surmeier and Schumacker, 2013). Another poten-
tial neuroprotective factor is VGLUT2. VGLUT2 is upregulated in
response to neurotoxic insult, such as with MPTP and 6-OHDA, and
alpha-synuclein stress (Kouwenhoven et al., 2020; Steinkellner et al.,
2022). VGLUT2+ dopamine neurons (a subset of midbrain dopamine
neurons located mainly in the ventral tegmental area (VTA) and sub-
stantia nigra pars lateralis (SNL)) are more resilient in both PD patients
and animal models of PD, and conditional deletion of VGLUT2 in
dopamine neurons leads to more degeneration in mouse models (Root
et al., 2016; Steinkellner et al., 2022). A final example is Netrin-1, a
protein involved in embryonic axon guidance. Netrin-1 has persistent
expression in the SNc of adults that is significantly decreased in PD
patients. In healthy conditions, netrin-1 prevents its receptor from
triggering cell death (Mehlen et al., 1998). Therefore, downregulation of
netrin-1 could be a cause of cell death. A conditional knockout of netrin-
1 in dopamine neurons induces a parkinsonian phenotype in mice, while
overexpression or pharmacological administration of this protein in
mouse models of PD reduces parkinsonism and prevents dopamine cell
loss (Jasmin et al., 2021; Livesey and Hunt, 1997). These molecular
markers provide windows into neuroprotective mechanisms and how
they may differ among dopamine neurons of different molecular sub-
types. Adapting neuroprotective mechanisms for vulnerable dopamine
neuron populations could be one effective therapeutic strategy if it can
be implemented early in disease progression.

The molecular identities of dopamine neurons may also shape
compensation during progressive neurodegeneration. When vulnerable
molecularly-defined subpopulations of dopamine neurons (e.g.
Aldhlal+ dopamine neurons) slowly degenerate, do less vulnerable
subpopulations of dopamine neurons compensate? If so, how? Do such
compensatory mechanisms eventually become maladaptive, contrib-
uting to degeneration of dopamine neurons that survive the initial stages
of PD? One potential form of compensation occurs at the anatomical
level. When dopamine axons degenerate, surviving dopamine neurons
can branch their axonal arbors and show pronounced hyperexcitability
(Bishop et al., 2010; Chen et al., 2009). This axonal branching and
increased excitability can help prevent striatal dopamine levels from
dropping precipitously early in the disease and it may be a reason why a
large percentage of dopamine neurons must degenerate before motor
symptoms become evident and PD is diagnosed (Hornykiewicz and Kish,
1987; Kish et al., 1988). However, the extent of compensation in early
PD, including signs that may emerge prior to diagnosis, is unclear.

Although evidence in humans is currently lacking, animal research
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shows that axonal branching of dopamine neurons is a potential mech-
anism for compensation. Work by Tanguay et al. (2021) showed
extensive branching of surviving SNc dopamine neurons following
neonatal 6-OHDA lesions. Sprouting in response to partial 6-OHDA le-
sions in adulthood can also occur, providing some recovery of striatal
dopamine concentrations and associated motor behaviors (Bez et al.,
2016; Blanchard et al., 1996; Deumens et al., 2002; Robinson and
Whishaw, 1988). If this compensation via axonal branching and intrinsic
firing is indeed occurring in PD, an important question is whether this
form of compensation can occur across or only within molecular sub-
types. Can a dopamine neuron of one molecular identity branch into the
territory of a dopamine neuron from a different molecular identity? The
answer to this question would provide important information about the
relationship between molecular identities of dopamine neurons and PD
staging.

Functional compensation may also occur in molecularly-defined
dopamine neuron subpopulations. These may help increase dopamine
release or amplify its impact on downstream circuit elements. Surviving
dopamine neurons exhibit changes such as increased dopamine meta-
bolism, reduced dopamine transporter (DAT) expression, and increased
D2 receptors (summarized in Blesa et al., 2017), but more work is
required to identify if these changes occur in specific molecular
subtypes.

Finally, although the molecular identities of dopamine neurons are
being discovered and well-characterized under healthy conditions, these
identities may shift during degenerative processes. As gene expression
patterns shift with degeneration, do we need to re-classify neurons? As
noted above, VGLUT2 expression increases in response to insults to the
dopamine system. When VGLUT2 expression increases, it may not only
promote survival, but alter function, by increasing glutamate co-release
(Steinkellner et al., 2022). Understanding how compensatory mecha-
nisms during degeneration may effectively cause dopamine neurons to
switch molecular subtypes (e.g. via switching to a more glutamatergic
identity) will be important to understand as it may have effects on the
computational identity of surviving neurons and therefore on the
dopamine-dependent behaviors that are supported by the surviving as-
pects of the dopamine system.

3. Network identity

Subpopulations of dopamine neurons can be defined by molecular
markers, but it is equally important to consider how subpopulations of
dopamine neurons are embedded in neural circuits (“network identity”;
Lerner et al., 2016). The network identities of dopamine neurons are
related to their molecular identities (Poulin et al., 2018, 2020), but these
relationships are not 1:1 and could change over the course of PD pro-
gression. Projection target-defined subpopulations of dopamine neurons
have profoundly different physiology. For example, many medial VTA
dopamine neurons projecting to the prefrontal cortex and nucleus
accumbens medial shell lack I, and have therefore been excluded from
traditional studies of dopamine (Lammel et al., 2008). Meanwhile,
dopamine neurons that project to the dorsolateral striatum (DLS), which
are involved in motor functions and PD, have prominent I, and higher
tonic firing rates than other dopamine neurons (Farassat et al., 2019;
Lerner et al., 2015).

Projection-defined dopamine neurons also have distinct global input
connectivity motifs (Beier et al., 2015; Lerner et al., 2015; Menegas
etal., 2015; Watabe-Uchida et al., 2012). SNc dopamine neurons, which
project mainly to dorsal striatum, receive a much larger proportion of
their inputs from inhibitory brain areas (such as the striatum, globus
pallidus external segment, central amygdala, and bed nucleus of the stria
terminalis) than VTA dopamine neurons, which project largely to
ventral striatum. Within SNc-projecting populations, differences in
input patterns between dopamine neurons projecting to the dorsomedial
striatum, the dorsolateral striatum, and the caudal tail of the striatum
can be distinguished (Lerner et al., 2015; Menegas et al., 2015). One
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prominent way these differences manifest is in patterns of reciprocal
connectivity between striatal subregions and the midbrain dopamine
neurons that innervate them (Ambrosi and Lerner, 2022; Haber et al.,
2000; Lerner et al., 2015).

In terms of outputs, although dopamine neurons are well-known for
their highly complex axonal arborizations in striatum (Matsuda et al.,
2009), projection-defined dopamine neurons also generally restrict their
arbors within striatal subregions and do not display prominent collat-
eralization (Beier et al., 2015; Lerner et al., 2015). This circuit organi-
zation is important as it implies that different subregions of the striatum
can receive distinct dopamine signals generated by independently
operating parallel circuits. Indeed, it has been overwhelmingly
confirmed that dopamine signals vary by subregion during behavior
(Cohen et al., 2012; Parker et al., 2016; Saunders et al., 2018; Seiler
et al., 2022; Tian et al., 2016; van Elzelingen et al., 2022).

Network identities can be related to patterns of degeneration in PD.
SNc dopamine neurons degenerate in a lateral to medial pattern, which
corresponds to dopamine depletion beginning in DLS and progressing
towards dorsomedial striatum (DMS; Nandhagopal et al., 2009). Since
VTA dopamine neurons are spared until very late in disease, dopamine
innervation of target areas like the nucleus accumbens and prefrontal
cortex are relatively intact. However, patterns of degeneration are not
necessarily the same as patterns of dysfunction. In many mouse models
of PD, dopamine neurons display functional electrophysiological deficits
even in the absence of or preceding degeneration. To name a few ex-
amples: dopamine neurons in MitoPark mice show decreased endoge-
nous dopamine and a loss of pacemaking, alpha-synuclein
overexpression reduces TH and AADC activity and impairs dopamine
release, and PINK-1 deficient mice show hyperexcitability and irregular
firing in SNc dopamine neurons (Bishop et al., 2010; Branch et al., 2016;
Cramb et al., 2023; Lam et al., 2011; Venda et al., 2010). Symptom
progression in PD may be related to patterns of dysfunction as much or
even more so than patterns of degeneration. For example, although DLS-
projecting dopamine neurons degenerate earlier in PD, the DLS is
thought to be responsible for habitual motor actions, which become
difficult primarily for late-stage PD patients (Torres et al., 2011; Yin
et al., 2004, 2005). On the other hand, DMS-projecting dopamine neu-
rons degenerate later in PD, but the role of DMS is primarily in flexible
learning, a domain where difficulties are observed in early PD prior to
classical motor impairments (Peterson et al., 2009; Swainson et al.,
2000). Therefore, it is important to study dysfunction in surviving
dopamine subpopulations in PD. Characterizing aberrant patterns of
dopamine release in PD models might explain which PD symptoms are
dopamine-dependent, but not treated effectively with L-DOPA, versus
due to dysfunction of other brain systems. How dysfunction in sub-
populations of surviving dopamine neurons in PD interacts with the
function of downstream basal ganglia circuits will also be important to
explore.

4. Computational identity

As might be expected from the distinct molecular and network
identities of subpopulations of dopamine neurons, these subpopulations
also differ in their “computational identities,” i.e. in the types of infor-
mation they encode. The concept of computational identity encom-
passes the idea that neuronal cell types can be usefully defined by their
roles in information storage or processing to support the functioning of a
complex circuit. Translating between molecular, network, and compu-
tational identities is important for communication between molecular/
cellular and systems/computational scientists. Computational identity is
a crucial factor to consider in the context of PD, where distinct
computational functions of subpopulations of dopamine neurons may be
lost at different times during disease progression, either due to outright
degeneration or to dysfunction that disrupts normal activity patterns.

Dopamine neurons encode information through multiple timescales
of firing. Dopamine neurons are tonically active, meaning they exhibit
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spontaneous pacemaker firing and create a continuously present con-
centration of dopamine in the brain (Grace and Bunney, 1983). Tonic
dopamine activity is traditionally linked to motivation and movement
(Freed and Yamamoto, 1985; Niv et al., 2007; Salamone and Correa,
2012). Dopamine neurons also show phasic activity patterns composed
of fast, synchronous burst firing that are associated with learning and
reward (Cohen et al., 2012; Phillips et al., 2003; Schultz, 2007). Some
evidence in mice suggests that the efficacy of L-DOPA for motor symp-
toms of PD does not require phasic dopamine release (H. Liu et al.,
2022b). However, the assignment of functions to tonic or phasic dopa-
mine signaling may be a false dichotomy—in reality, there is likely more
nuance to consider with vast implications for PD (Berke, 2018).

Classical work on the computational function of phasic dopamine has
focused on reward prediction error (RPE), the difference between actual
and expected reward (Schultz et al., 1997), although more recent work
suggests that RPE is not the whole story (Bakhurin et al., 2023; Cod-
dington et al., 2023; Jeong et al., 2022; Lerner et al., 2021). An RPE-
encoding function for dopamine does not explain why dopamine
depletion results in parkinsonism. A growing appreciation for the idea
that there is heterogeneity in the encoding properties of dopamine
neurons is relevant to resolving this conflict (Collins and Saunders,
2020; Engelhard et al., 2019; Lerner et al., 2021).

One way to test RPE encoding is by using optogenetic stimulation of
dopamine neuron subpopulations to see if artificial prediction errors can
be created. While optogenetic stimulation of both SNc and VTA dopa-
mine neurons is reinforcing (i.e. able to support self-stimulation
behavior), only stimulation of VTA dopamine neurons supports other
functions associated with RPE. Stimulation of VTA dopamine neurons,
but not SNc dopamine neurons, can “unblock” learning about cues that
would not otherwise generate RPE (Keiflin et al., 2019). Stimulation of
VTA dopamine neurons can also generate more distal predictions,
encode motivation, and attribute incentive value in Pavlovian condi-
tioning (Fraser et al., 2023; Keiflin et al., 2019; Saunders et al., 2018).

In vivo electrophysiology recordings of SNc dopamine neurons have
shown that they have movement-related phasic firing patterns, incon-
sistent with classic roles of tonic and phasic dopamine (da Silva et al.,
2018; Dodson et al., 2016). Of particular note for this review, Dodson
etal. (2016) found movement-linked dopamine neuron firing patterns in
the SNc disappeared in a mouse model of PD overexpressing alpha-
synuclein. Recordings of DLS-projecting SNc dopamine neurons also
reveal that location within the SNc (possibly related to the molecular
identity of the dopamine neurons) is relevant, with DLS-projecting
dopamine neurons in the lateral SNc exhibiting more “bursty” firing
patterns than DLS-projecting dopamine neurons in the medial SNc
(Farassat et al., 2019).

Recordings of downstream dopamine signals in the dorsal striatum
are mixed in terms of reporting movement correlations vs reward
responsiveness. Some have observed time-locked reward signaling in
striatal dopamine recordings and changes in reward-seeking behavior in
response to optogenetic stimulation of SNc dopamine axons in striatum
(Lerner et al., 2015; Saunders et al., 2018; Seiler et al., 2022; Tsutsui-
Kimura et al., 2020; van Elzelingen et al., 2022). Others have found
striatal dopamine axon activity and signaling to be linked to movement,
even in the absence of reward (Azcorra et al., 2023; Howe and Dombeck,
2016; Markowitz et al., 2023). Still others posit that SNc dopamine
signaling is responsible for encoding “action prediction errors,” the
difference between an expected action and the action that was taken
(Greenstreet et al., 2022). Individual SNc dopamine neurons might play
a role multiple computational functions, or distinct subpopulations
might encode separate functions. Many of the described studies use
different methods to record SNc dopamine neuron cell bodies, dopamine
axon terminals, and downstream striatal dopamine release, and the in-
vestigators may therefore be recording from or manipulating different
subsets of neurons, perhaps related to their molecular or network
identities (Azcorra et al., 2023; Lerner et al., 2015, 2016; Luppi et al.,
2021).
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Thinking through the lens of computational identity highlights gaps
in our understanding. For example, how can we explain the result that
ablating Aldhlal+ dopamine neurons, which are known to degenerate
early in PD and which seem to carry movement-related signals, does not
cause an obvious PD phenotype? Perhaps, although this subpopulation
displays movement-related activity (Azcorra et al., 2023), it could be
using information about movement to encode aspects of action predic-
tion or other learning-related errors, in keeping with the learning and
memory deficits observed in prodromal PD patients (Pausch et al., 2016;
Wu et al., 2019).

It is likely that dopamine neuron subpopulations of different mo-
lecular and network identities also have different computational iden-
tities. However, these computational identities may be complex,
involving several different information processing functions. We spec-
ulate that multiple computational functions per dopamine neuron sub-
population could occur due to the many layers of regulation of
dopamine release and timing in different cellular compartments. Shifts
in the regulation of dopamine release could then alter computational
identities in subpopulations of dopamine neurons before degeneration
occurs in PD. One example arises when examining the local regulation of
dopamine terminals in the striatum by acetylcholine. Recent work has
shown that activation of nicotinic acetylcholine receptors on dopamine
neuron terminals can evoke actional potentials independent of dopa-
mine cell body activity (Kramer et al., 2022; C. Liu et al., 2022a).
Although the importance of this mechanism for in vivo coordination of
acetylcholine and dopamine signaling is as yet unclear (Krok et al.,
2022; Matityahu et al., 2023), anticholinergics are the oldest class of
drugs used to treat PD, so clarifying this relationship both at a synaptic
level and as a computational mechanism will likely be fruitful for
identifying paths forward in PD research.

Another example of the potential for multiple computational func-
tions of dopamine neurons arises from the work of Gonzalez-Rodriguez
et al. (2021), who showed that motor function remains intact when
dorsal striatal dopamine axons stop releasing dopamine. In this work, a
mouse model of PD was generated in which mitochondrial complex I in
dopamine neurons was disrupted (cNdufs2™/7). cNdufs2™/ mice
exhibited Parkinsonism only later in the process of dopamine neuron
degeneration when the somatodendritic release of dopamine in SNc¢ was
lost. Notably, the efficacy of L-DOPA in this progressive model varies
with the stages of degeneration. Although associative learning was
rescued by L-DOPA when striatal dopamine axons were intact (at P30),
it could not be rescued later (at P60). Meanwhile, total movement in the
open field could be rescued by L-DOPA far into the course of progressive
degeneration (even up to P120).

The reasons for the changes in L-DOPA’s efficacy in cNdufs2 ™/~ mice
over time are likely related to the different computational functions of
dopamine for different behaviors. Associative learning depends criti-
cally on the timing of striatal dopamine release, which controls narrow
windows for dopamine-dependent striatal synaptic plasticity (Yagishita
et al., 2014). Cognitive deficits in prodromal PD could be due to subtle
changes in striatal dopamine release resulting in suboptimal timing. In
contrast, fine dopamine timing may be dispensable for gross motor
function in the absence of learning requirements (Delignat-Lavaud et al.,
2023). Mice that lack NMDA receptors in dopamine neurons (which are
required for dopamine burst firing) have normal ambulation and rear-
ing, explore normally, and can learn the accelerating rotarod task.
However, dopamine neurons in these mice are hyporesponsive to
reward, and the mice display reward learning deficits, including
impaired habit formation (Wang et al., 2011; Zweifel et al., 2008). The
dissociations observed in these dopamine-specific NMDA receptor KO
mice help dissect which dopamine-dependent behaviors are dependent
on phasic dopamine signaling as opposed to those likely enabled by
dopamine tone alone. A caveat of these studies (Delignat-Lavaud et al.,
2023; Gonzalez-Rodriguez et al., 2021; Wang et al., 2011; Zweifel et al.,
2008) and others is that the ability of neural circuits to compensate for
the loss of dopamine may differ by developmental stage. Impressive
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compensation for the loss of dopamine can occur when dopamine re-
ductions are performed in young mice (Castaneda et al., 1990; Golden
et al., 2013; Moy, 1995; Moy et al., 1997; Schallert et al., 1989; Tanguay
et al., 2021). By extension, it is possible there is also compensation for
genetic alterations that change the function of dopamine neurons, such
as the knockout of NMDA receptors or dopamine release machinery.
Going forward, it will be important to consider whether mouse lines
used in preclinical studies appropriately model PD progression in
humans, which is both gradual and begins later in life.

Adaptations to the gradual loss of dopamine in adulthood may also
differ by striatal subregion. For example, the different computational
functions relayed by dopamine in each striatal subregion may have
different requirements for phasic dopamine, as demonstrated by opto-
genetic stimulation of different projection-defined dopamine neurons
(Seiler et al., 2022; Thorn et al., 2010; van der Merwe et al., 2023). This
differing requirement for phasic signaling to drive behavioral changes
could cause certain dopamine neurons to be more sensitive to dysfunc-
tion prior to degeneration, and could help explain why early cognitive
deficits are more consistent with dysfunction in DMS-projecting dopa-
mine neurons, despite their relative resistance to degeneration when
compared to DLS-projecting neurons (Grospe et al., 2018).

As PD progresses, the computational identity of dopamine neurons
may also be altered by decreased dopamine release, which has been seen
in many mouse models of PD (see Cramb et al., 2023 for review).
Diminishing dopamine signals in the dorsal striatum allows for other
neurotransmitters, for example acetylcholine or serotonin, to exert
larger effects on striatal function and plasticity. Imbalances in striatal
neuromodulators in PD have been posited, but the exact time courses for
the evolution of such imbalances are not fully understood. Over time,
progressive changes could accumulate, causing cholinergic interneurons
to exert an outsized effect on dopamine release and decoupling striatal
dopamine release from cell body firing (Kramer et al., 2022; C. Liu et al.,
2022a; McKinley et al., 2019; Rizzi and Tan, 2017; Ztaou and Amalric,
2019). Other changes, such as the change in dopamine-glutamate co-
release mentioned above (Steinkellner et al., 2022), would be relevant to
changes in computational identity as the striatum adapts to a lack of
dopamine during PD progression. The release of dopamine and gluta-
mate from the same population of VGLUT2+ dopamine neurons is
proposed to relate to different aspects of behavior (Warlow et al., 2023),
suggesting that upregulation of VGLUT2 in PD could cause a change in
the computational function of VGLUT2+ dopamine neurons. Finally,
dopamine neurons may use different timescales to transmit heteroge-
nous information. For example, Markowitz et al. (2023) showed that
DLS dopamine signals are related to different components of motor
behavior when analyzed on a subsecond versus minutes-long timescale.
This observation, in combination with theories of the role of dopamine
in learning and the reinforcement of actions, rather than direct motor
control, could help explain the long-duration response to L-DOPA in
which some of the therapeutic effects of L-DOPA accumulate slowly over
time and are experience-dependent (Anderson and Nutt, 2011; Beeler
etal., 2010, 2012; Cheung et al., 2023). Interestingly, different effects of
alpha-synuclein overexpression on dopamine release across timescales
(facilitation on short timescales, depression on long timescales) have
been observed and may suggest a mechanism by which the accumula-
tion of alpha-synuclein could lead to distinct types of dysfunctional
dopamine signaling on different timescales relevant to behavior
(Somayaji et al., 2020). Theories of dopamine-dependent plasticity and
motor learning may also be relevant in explaining why chronic L-DOPA
treatment can lead to the excessive, involuntary movements known as L-
DOPA-induced dyskinesias, if inappropriate motor behaviors are rein-
forced by mispatterned dopamine release.

5. Considerations for Parkinson’s disease research going
forward

The past decade has been a new renaissance for basic dopamine
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Heterogeneous Identities of Dopamine Neurons Potential Adaptations in Parkinson's Disease

O
Molepular O o o
entity o O O @
UL B 9 | ]

: 1 1
/\/ /\/ /\/ Computational RN 1
Identity T
i

rrminnn n I“lllII 1 IIII II III:IIIII III @

Dopamine Release ®

®

Behavior

Fig. 2. Potential adaptions of heterogeneous dopamine neuron subpopulations during Parkinson’s Disease progression. Dopamine neuron subpopulations can be
defined in several ways — by molecular identity (patterns of gene expression), network identity (input and output connectivity motifs), and computational identity
(information encoded). To understand Parkinson’s Disease (PD) progression, it will be important to interface knowledge of these dopamine neuron identities with
information about patterns of neurodegeneration and dysfunction across PD progression. Some potential changes in PD include: (1) selective vulnerability of
particular molecular subpopulations of dopamine neurons (e.g. Aldhlal+ dopamine neurons; blue) to degeneration (depicted as dashed outlined cells), (2)
compensation by axonal sprouting of surviving dopamine neurons with the same network identity, which could increase dopamine in an affected downstream striatal
subregion, but change local patterns of release, (3) changes in gene expression affecting molecular identity (e.g. upregulation of protective molecular factors like
VGLUT2, shown as maroon cells turning yellow), (4) changes in the molecular and network identities of dopamine neurons could, in isolation or together, lead to
changes in computational identity by altering firing patterns (shown as changes in raster plots) and/or neurotransmitter release properties (shown as spikes in raster
turning yellow, e.g. representing an increase in glutamate release in the case of VGLUT2 upregulation), (5) in response to changes 1-4, downstream striatal circuit
function and behavior will be altered. For example, the blue neurons may encode high speed movement initiations in control mice but fail to evoke movements in PD
models. The red neurons could normally be motivating reward-seeking behavior but fail to do so in PD models, with implications for co-morbid depression. These are
examples illustrating how the multiple identities of heterogeneous populations of dopamine neuron subpopulations could change during PD, but they are currently
speculative and not an exhaustive list of potential adaptions. Adaptions occurring in PD at multiple levels of dopamine neuron identity will continue to evolve as the
disease progresses. Understanding how complex interactions of identities influence circuit function across PD progression and, potentially, contribute to further
disease progression will advance the field and provide inspiration for new interventions to alter the disease course. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

research. We now have precise genetic and circuit tracing tools for
differentiating dopamine neuron subpopulations, and improved imag-
ing and detection methods for monitoring fast in vivo release dynamics
(Armand et al., 2021; Callaway and Luo, 2015; Ciabatti et al., 2017; Day-
Cooney et al., 2022; Lerner et al., 2016; Sofroniew et al., 2016). Clever
behavioral and computational work has also led to a much more so-
phisticated understanding of the computational functions of the intact
dopamine system (Bassett and Sporns, 2017; Engelhard et al., 2019; Isik
and Unal, 2023; Kennedy, 2022; Lerner et al., 2021). These new tech-
nical and conceptual approaches should be integrated by PD researchers
as we work in parallel to develop creative new therapeutics addressing
specific timescales of dopamine signaling or target distinct dopamine
cell types.

Understanding dopamine system dysfunction in PD will require
grappling with the complex identities of dopamine neurons (Fig. 2). We
must interface the identities described here — molecular, network, and
computational — to gain a comprehensive view of dopamine system
dysfunction in PD. We now understand clearly that PD is a disorder of
both dopamine system dysfunction and degeneration, causing both
motor and non-motor symptoms. To understand the full course of PD
progression, it is imperative to understand the evolving relationships
between dysfunction and degeneration that produce changes in symp-
toms and treatment responsiveness over time. Elucidating the dopamine
system dysfunctions that are left unaddressed by L-DOPA, the current
standard of care, will guide the development of improved treatments.
Finally, better characterizing the dysfunctions occurring in prodromal
PD will allow earlier interventions that could prevent progression.
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